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Abstract

Relativistic calculations of atonlc—electrpn binding energies have been
refined by using the relativistic LS-average scheme jto ‘treat open outer shells,
by including self-energy corrections fo_r shel'ls up to 3p as weil’ as 48, and
accounting for energy shifts cdused by :lnteraci_:ion with COstez_--Kronig.continua._
The contributions of gt_-ound-ltate correlation were estimated. from the pair
energy calculated through nonrelativistic many-body -the;ry._, The:need' for a
relativistic theory of correlations is no-ted.”A.s'-' in our PII‘QV“’-‘P; _work. the
calculations include relaxation, the gfféct of finite nuclear size, Breit
interaction, and éuantul-electrodynnic corrections. Results 'are"cp_'_lpnred u;th
binding energies measured on _frée atoms, and wu';h"':-sol‘id—pha.ae” iel.nlsi:relents. on
metals that have been corrected for solid—st.:a'._te ;Illifta;“ these shifts net.fe
calculated under the assumption of complete séreening. with-the core-ioﬂ‘ize_d .
site treated as a neutralized metallic impurity atom in the origlnal lef;al l-ic
host. Discrepancies between experilehtal energies and relativiatic ‘independent-
particle calculations including relaxation, QED. anﬂ i’inite.—nucl'aar-.sh_:'e
corrections are traced to éorrelatiqn_éorrecf-lﬁ;:s; dﬁdertaihti_és in the self

energy, and neglect of the effeci: .,6f_ (aupere)doa__t:e_r-Klf_pqlg. fluctuations.



I... INTRODUCTION

.Atolic;electrbn iin&ih& energles are verynlnterentini in several r;apects.
A systematic Fonparison'betueen theoretical an@ precisely leasured.atonic
blﬁdlns'enefzies=can provide sensitive tests of qﬁpnful-electrodynalic results
| and of calculatiéns or electron-electron Coulomb correlation In appllcations.
the knouledge of hindlnc energles la ecsential in the 1nterpretation of Anger
and photoelectron upectra and of a lultltude of . atomic and solld-utate.
phenomena. Differences betugen the blndlng-energlgq'of atoms in the free ;tate
and in soiidsi;ind_lyl;;;;ous,£ﬁ§iié;i”§nvironiéhtlJ ;ro§1dezg useful prdbe.ot,.
'éxtridto;ib effe&ta-tﬁif are as yet 1n¢oipiéteiy understood.

"We have previoualy ﬁéffdfied gystematic relativigtic calculations 6f atomic
binding enpr&lea with Dirac%ﬂartree—Slater ua@e.functions.l'z The calculations
. include the relaxation effect, finite-nuclear-size effect, Breit interaction,
aﬁd quantum-e lectrodynamic corrections.- The caléulations were, however, carried
out for the lowest j-j conflguration. this has been found to lead to a spurious
contributlon to 2p and Sp fine-structure splittings of atoms with open outer
shells. Furtherlore. the correlation effect. was colpletely isnored

In order to correct for these'deficienciea. new systematic calculatlans
.have been completed lith tpe tolloulng improvements: (1) The relativistic LS-
averake.scheles uas.uséd to treat open outer shells. (2) The 3s, 3p, énd 4s
self-energy corrections dbtqiﬁed fpop the n~3 scaling rule And effective-charge
a.pproach were l'ncl-uyle_d in the éaicu‘l-atlons. (3) The energy shifts of 3s, 3p,
48, 4p and 4d hole states caused by the interaction with Coster-Kronig continua
nére calculated on the basis of Fano's approach of configuration interaction
- with the continuun.‘l (4) The contributions of grdund-—state correlation were

eatilated'froi-the'palr energy calculated by nonre1§tiviat1c lanv—body'theory.5



Experimental and semiempirical atomic-electron 'binding energies have b.e;m
obtain_ed from measurements on f-ree atoms as well as sol ids. For deep levels, x-
ray emission dafa were -used. 'l'héae data were combined with calculated metal-
atom core-level shifts to derive semiempirical free-atom binding enersiés. The

empirical :lnfor_nation is critically compared with the new relativistic.

calculations.

II. THEORETICAL ATOMIC BINDING ENERGIES

Accurate binding-energy calc-ulatio-ns"lust include ...th.e effects 'ofl
relativity. both from single-electron and Bre.:.lt :ln-"ter.aéti‘o'ns_, as well as of
finite nuclear size, relaxation, .,quap_tul a_lectr.odv-ndllcs... and 'corr'ela__tiona',' | At -
present, no unified theory ex_ists that 1s cafnahie of 1_:r.e__at_'ing. all these efféct'_s
simultaneously. Thus, they are usually calculated 'addltiqely.._ | '

We define the theoretical atomic-electron b:ltidinﬁ as -

Eg = E; o (N-1) - Eg(N): | | (1) |

Here, E;,,(N-1) and Eg(N) are -the total energies of" the ion with N_-_l electrbhs'
and the atom 1in its ground state uith'N electrons, respectively. In terms of

the relativistic model, the_bind:lng energy can be decomposed 'a's'_fpll.ows:
Eg = E(DF) + E(RELAX) + E(MAGR) + E(LAMB) + E(CORR). (@)

Here, E(DF) is the g__lgém_ralue r_Irbn a 'Dir-._a_q_-_-li.fpck t_:__al"cula__il_:j.o.t_l. :-..“eq-ual éo the_
result from Eq. (1) in thé frozen-orbital approxin}:ion, -(.'Kooplan's theo:I'_,e_l);__ '
E(RELAX) is the relg_t_ivistlé relaxatl.o.;.n. ener_gy.- The third te:;l in Eq. (2),
E(MAGR), is the contribution from the magnetic and .reta'rda'tion corr”ec.tions'. The
term E(LANB) is the radiative correction including self energy ant_!____vachﬁ-

polarization, and the last term, E(CORR), 1s the correlation contribution to the -
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binding energy. We proceed to discuss these-teras.one~byjone.

A. Zero-order energy
_ The relativistic independent-particle models. csn.be used to colpute the
zero-order wave functions and epergies. The detailed theoretical treatment of
the Dirac—Fock or Dirac-Hartree Slater approaches ‘has been reviewed recentlv3 6.
Here, we outline thel only brierly .

We use the version of Liberaan etal.” of the Dirac-Hartree—Slater-(DHS)
method uith a modified finite-nucleus ‘routine. The method employs a lodiried
Kohn- Shal potential lhich is essentially'a Rohn-Shal potential with a'tail:
correction. but fornulated ‘in a more consistent lanners A first-order
correction to the local approxination is made in our calculations by conputing
the expectation of the total Haliltonian uith zeroth-order wave i'unctions.l 2,8
The effect of relasation*is'taken into account'bv perforaming separate SCF
calculations for ground and hole states. lhe-bindinu energy is then found as
the difference.oetueen tnese total energies (.ASCF method). This zeroth-order
DHS energy is'equivalent'to the sun of the first two terms in Eq. (zﬁ

Even though j—choupling le tne naturallschele in relativistic
calculations, LS couplinl is more suitable for most atoms with open outer shells
because the.electrostatic?interaction dominates here over the spin-orbit
interaction.. In the present calculations, we use the-relativistic ﬂs-averageh
scheaes-to treat open.outer shells. The relativistic LS-averaged energy can be

written as3

&y - : {9, 1, +1/2 zb . {q,> [clabk) rk(ab) + D(abk) GX(ab)], (3)
a,b, Rk



where

.
[(ag -D](ag - 1)] c°(abk), a,beB o

Clabk) = 9 - - (%)

L.[qBIqB"] c®(abk), af B, bes, -

r [(qy - 1)l(qB° - 1)] p°(abk), a, b-€ B .
D(abk) = ¢ | | e
i [aglay ] Do(ab_k), agB, baB .

Here, the average occupation number <q,> is

<qy> = [quu@; +2](23,%1), ‘a€A, N (e

and the closed-shell angular t’ac_:tora C%abk) and D%abk) for closed shéil-;. b

with quantum numbers nj are
c®(abk) = 6(1{,0) (23, + 1)

and j. -k

p°(abk) = -(23, +1) H(F-a.l?__f_l" s (D

a
1
-3 0 -

1 if R,Ia+!g+2.b.=even .:_
n{e kg,) = | o - 8
L0 otherwise . S S e
The 1indices A,B,... and a,b,...represent major shells and . subshells,
respectively; qp an& qB° are the actual occupa.tlon,nuibéxj of il}gll B and the
occupation number of a full shell B, reapecti_vely. The on_e—electron integral I-a '
and Slater integrals FX and 6K are defined in Ref. 8..
The effect of finite nuclear size is qu:!te“inﬁo_rtant for. the inl_lér- shells

of heavy atoms. Our present theoretical data base of binding energies was -

calculated by using the Fermi nuclear charge (l':lstril:m_t::lonz_?‘6 for K- and L-level



energies, and a lin-iforl charge d_.l"et:r1I:u1::lmr‘'6 fo_r M amjl higher levele.

B ' iﬁmetié_ina retardatlol_l eontrl-biitions
The dynamic correct:l-_on to the elec.troeteticf(:oulo'lb interaction, rhich
takes accoune of the exchange of a single traneverse photon, can be included
throuéh the uee of the_ tranaverse operator.or the.Bre:lt_operetor _1n firet-order
perturbati'on tl'leory; j':__Ih'the Coulomb. ﬁuge'. .the eraneverse opere':ter9 19. '
H{,r-; - i _ 2 .+ .(3;1 '._Vl) (;2 . ?2)... eo:::)rlz) ' f9).-'_

Here, @ ie the wave nunher of the exchanged v:lrtual photon, and 0(1 2 are the

usual Dirac_.latricee In the lou-energy l:ll:lt w-yo Eq. (9) reduces to the

Breit operator

- > > - .
co N @, r ) (21,0 T :
' 1l . >+ 1 712722 "12
%r ™" 2, @ ap) + 2 — - (10)
; o 12
In the Lorentz gauge, the transverse operator can be expreeeed” as
.g;!___'; - ;L [u. . a. <:osmr1 + (1 -_.g:_o'emrlz).]. (11)
12

Detei-led- derlvet.lone 'of' rhe matrix eleeente .of the Breit and generalized
Breit interactione have been provided by Grent6 and by Mann and Johnson? in
teras of a sum of producte of angular factors and radial integrals. In the
present work we ueed the frequency-dependent Bre{t operator [Eq. (11)] for K -
and L bind:lng ener::lee. whl_le' the long-uavelenjth epproxilation to the Breit
~ interaction [E(-]. (10)] was enz.:l-oyeti.. for ¥ and higher-shell energies. The
spherically averased Breit interaction energieep were calcelated _for atoms with

open outer shells. The legnetie_ and retardation contributions to the binding



energles were thus included in .results from the SCf)lethpd. which autoaatically

takes account of relaxation as well.

C. Radiative corrections .

.There.are two main radiative corrections-to_atoaic electron energies: the -
self energy and vacuum polarization The self-energy correction-arieea-iroa the .
electron 8 intéraction with the radiation field which leada to aean-aquare-

fluctuations in the.electron position. The eelf—energv shift can be expreaaed.-

in atomic units, as

Here, Z is the atoaic number, «Cis the fine—structure conatant. and n. ia the .
principal quantum nulber In the present uork the self—enersy correctiona for
K and L levels were calculated froa point-Couloab values10 uith an efi’ective—=
charge screening procedure. 2 For "l' Ha 3» and N 3 levels. the self -energy
corrections were estimated uith the use of the n~d scaling rule [Eq (12)] and _
- effective-charge approach. )

The second ilportant radiative correction ie the vacuul polarization. uhich.
arises because the effective potential seen by the electron is lodified by the.:
polarized vacuum charge dietribution due to the virtual electron—positron paira.
'Here we have used the Uehling potential and higher-order: terla frol Huan¢11 in
first—order perturbation theory to calculate the vacuun—polarization correction

to the binding energies in .the ASCF scheme. 1.2

'D. Correlation effects
The effects of correlation on_atolic hindink energies can be quite

important in some casea...COrrelation effecte are,usuallyaestihated-fronr



nonrelativistic theory because no suitable relativistic correlntion theory
exists. The nonrelatitietichtreatlent is prilarilf suited for llnht atoms,
hence detailed 1nforlation on:correlation.contributiono to the binding energies
of heavler.elelento 1e_iﬁckin¢ as yet.

In principle, one should find the correlation contribution to the binding
energies by cllculating"the total correlation energies ror.cround and hole
states ond'taking the difference. fhie. however, is a:very.enoeneive
'propoeitlon. and a more trectahle procedure needs to be chosen In our present
binding—enercy calculations. the correlation energiee of the paeeive e1ectrons
from ground and hole etates are essuled to cancel each other conpletely We
therefore only need to concern oureelves with two ilportant correlation
contrihutlone to the binding energy. viz the ground-state correlation
correction end the energy ehift due to Coster—Kronig'and super-Coster-Kronig
fluctuations o(-the hole otate.

The ground—state correlation correction arises hecause of the broken pairs
in the hole state. This effect always 1ncreoees the binding energy, since all
pair energieo are negative and. there are more pairs in the ground state than-in-
the'hole state. the ground-state correlation effect is the dominant correlation
. contribution to the binding-energy for an outermost ehell. and for inner shells
with orhital anjniar l0lentUI. e in—I. where n 1; the’princlpal quantum number.
In this work, the.gronnd-etote.correlation-correction.hgc(e).ie evaluated as a
sum of pair energies that survive ‘after cancellation_hetueen'ground and hole

stateo:12

‘1 ' 1 g°
Egc(a) = ETEEE:TT—- E .(a b) + 5 22 o vv.(a.a), (13)

where Evv.°(a.b). the total pair energy between two ¢losed shells, is

2@ =2, es+D@+D L@, B350, (14)
 L,S



with E(na%. nbeb;sn) béins-the symmetry-adapted pair energy.

A search of the' ll:l'!':er.at.ure for atomic correlation energiea,.pro&uces results
for only some ten elements |.v:lth Z< 30, all from nonreiitiviatic co.rrelat_i:on
theorie_p_.ls'ls From these pair energies and Eq. (13), we have estimated the
ground-state correlation corieétio_ns to tﬂe binding energies of these atoms;
some of the results are listed in Table I. |

Another important corrglation contribution to the b:lnd:ln'zl energy is
produced by dynamic relaxation processes in which the core hole 'tluctuates to
intermediate levels of the Coster-Kronig or auper COater—Kroniz type. in
addition to creating electron-hole pair excitation 12 19 These ettect: are'
-. Important for inner-shell hole states that can decay by Coster—Kronlg or super-

Coster-Kronig transltlons (e z.. 2s, 3s, 3p. 4s, and 4p hole states). For.

tuns;ltlona that are energetically :llpoqaible. these eﬂ'ecta aluays reduce the,. .

binding energies; they can be est_inted_ by finite configuratlon_—-interaction or
MCHF methods. ' | o |

When the hole state is enbdded in the (suggr-...)._Coster-Kronig' continua, we
can use Fano's approach? of_ configuration inte.rac.'-t;_:lo_r.n:_ultl_a fh§ contiqnu-‘"f.o"
calculate the energy shift. Negiecting the eﬂ'ect of ch'annel co.upling, the

energy shift due to the :lnteraction with the contlnua can be calculated by _

solving the following equation‘ 20,21 for E

) Z 6)( l.{m' 4 ! ¢>I d*‘- “as

E - E -~
A=1 B )

Here, B¢ and E 2 are the threlhold energies of the ainule'hole state gnd doubly
lonized Auger continuum, respectively. The sylbo.'l_:(? indicates the principal

value fo the integral. The Auger matrix _e_ielent for chanqgl ‘X is eva.lﬁaf.edﬂ

10



with the aid oi' a seneral relativistic prozran 22 Thie correction has been
: found to remove the diecrepancy betueen the relativiatic ASCF result and .
experinenta, for the 28 level. 2l 1p Table II we liet the energy shifts
produced by the (euper) Coeter—Kronig fluctuations for 38, 3p, 4-, 4p and 4d

levels. " l?or completeness; the reeulte for the 2s level from Ref. zl -are aleo

included in Table II.
IIT. DEi!IVﬂTiON dF..l_;XPERIIIENTAI. BI'NDING_‘-BN,ERGIES .

For the"preaent eyetenatic connarieon between eiperinental and calculated
binding enersiea. experimental data for a8 _Iarge number of core le'!vels are
required. Free-atom exper‘inental energiee 'are., however, availab.le' for only a
linited nunher of atoae. nainly ror the rare gaeee and i’or the non-transition
metals. These reeulte are furthernore linited to only a teu of the core levels.
The available data have been neaeured by a variety of experinental
techniques,23:24 guch as photoelectron epectroacopy 25-29 ‘puger-electron.
spectroscopy, 30 3l photoabeorption apectroacopv.az and x-ray emisesion
spectroscopy. 33,34 o extend these results to the renaining core levela for the
sane elenente ue have ueed binding—energy dii'ferencee derived i'ron sol id-phase
neaeurenents either by photoelectron epectroecopy35 -39 or by x-ray emission
apectroecopy. The_lain eource for x-ray emission values: is the tabulation of
Beardeu.40 but in some caaee.ue'hav'e._aleo been able to use more recent values.4!
- The accuracy Er the..tabulated_:x-rafy..energiee was checked by studying syeteaatic
trende:. obviously 'nrong'"-val_uee were exciuded from the compilation. |

In order to' nake ‘the conparieon nore' conpleté we have also included'a iarge
number of metallic ..el_enenta. for which .._only sol id-phase measurements have been
perforned._z“’ For theee caeee we have used calculated free-atom to metal core-
level shifts to derive free-atom binding e‘nergieu.-z‘ It has been shown?4 that

these shifts can be calculated with considerable accuracy, whence the indirectly
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derived "experimental” values can be expected to be not much less accurate-.than
th'e directly measured ones. The ehlr-ta-nere calcul_aterl within the-coaIp'l'e_t._e -
screening picture, and the core-ionized site wae treated _'ae a neutralized-
metallic impurity atom in the original metallic host.2¢ This model has been..
successfully applied to many other eltuatlone as uell.. au-ch a-e the-Auger
proceee‘ and various satellite processes 1nvolvlng higher- :lonlzed atatea "3
The model furthermore leads to a good deecrlptlon of chellcal ahlfte :ln metallic
ayeteae. auch as alloy chemical shifta?d and eurtace core—level' .ahil’te.‘ls nhlch...
also indicates that ‘the model accounts well for the _fuud_a-ental_,orooertle_e of .
the metallic influence. “ . o

N

" _IV. COMPARISON BETWEEN THEORY AND EXPERIMENT - . ~ et

The zeroth-order enerslee from our corrected Dl!s calculatlone aré found to
agree with the energies calculated froa a Dlrac-—!’ock lodel to better ‘than 0 5 ev.
in all cases.46 This eetahllahee the rel;labllitv ot our corrected Dlls lethod g

Plne—ltructure splittings between 2p1 /2 and 2p3/2 energy levele frol theory.-'
and experlaent are compared in Fig.. 1. Open outer ahel ls cannot adequatelv be.-'
treated in j-J coupllnﬁ'. a epurloue contribution reeulte that caueee ’
calculations for the louest j ] conflg'uration ‘of an atoa1 to overeetllate the
fine—etructure splitting lf the atom has an open outer ehell On _the other
hand. theoretical energy- epllttlnze calculated in the relatlvletlc Ls average""
.achele (as in the preeent work) can agree well with leaeurelenta. .

in Hg 1l we display results from a nns calculation for the lolleet J- j
configuration, . including Breit interactlon [Eq. (10)]. as well as reeulte frol 8

DHS calculation in which the relativistic LS a'veraze-"acheae was elployed and the

transverse operator of Eq. (11) _i.'fg. used; we aleo'el_low reeulte'frol DF -

12



eigenvaluee.‘7 . Self-energy corrections for both L; end Ly levels are included
in the two DAS SCF calculations. R

Severii observetibne eanebe.nide uith ;egapd to the-coepnr1eon iﬂdriz. 1:

(1) The'effect.of the Brelt Inteeactlon on the 2p fine-~structure
aplittlnse ls quite eisnificant. even for low-Z elelente JIt ie for this reason
that DF elgenvaluea lead to- exceleive epllttlnga _ |

(11) Because j- j coupling is inndequate for treatinl open outer shells,
leading to a spurioue,eontrtbution; theoretical results calculated for the
loiest J—J.cohfiﬁuration'dvereetllete the splittings for atoms with open 3p, 3d.'
4p, end 4d outer’ ahelle Aisinilee.efreEt can be noted in ether fine-structure
splittings ) | . .

(111) The error caused ‘by use of the long—uuvelength approxilation for the
Breit. 1nteraction hecolea eigniflcant for the 2p fine atructure above z-4o

(1v) Theoretical reeulte calculated in the relativistic LS average scheme
with the frequency dependent Breit interaction agree quite well with
experiments. The renaining discrepancy for the ad traneition séries has been
shown to be due to exchan;e splitting whlch was not included in the present
calculations.48 |

The self-energy correc'tiotls for 8s, 5p. and 48 levels of heavy elements
(zgrvo) fron the n_‘3 scaling rule _are found to be not negligible. For the 3s
level, the-eelf-energy correction is as large as ~10 eV fot g2U. The self-
energy correction drastically teduces the'dlecrepanclee between theory and
_experilent. | _ |

Iheofeticel and eiperi-ental_biheiﬂf enerkiee'ere conﬁared 1n'Fi§e.2-6._
We prbcee&:to dtscuee'the 1np11cetlone of these systematic comparisons for each..
level. o

a. ls level

It is apparent from Fig. 2 that binding energies calculated in the

13



relativistic :lndependent—_pnrticle -lodel. including relaxation e_ffecte and QBD

corrections, are smaller than measured energies by 1+2 eV .for.z%'»s,, and hy a8 .

eV for 70LZL92. The corre,lat:lon effect on 'ls b:lnding en__erg_iee' is tloninnted by
the ground-state correlation correction; thelinteractione with double-hole
continua for 1s hole states are all of the A_nner type rather than Coster-Kronig,
hence they are negl i_glble.zl- The ground-state cerrelation corre_ctlnne- for .zgso :
were estimated frnn Table I;” above Z=30, a cene't:nn.;;- correction of 1'1 __eV (as
calculated for 3°2n) was used throughout. .It ts'clenr 'tr.ol".Fig" 2 that the’
ground-state correlation correction accounte for the entire diecrepancy between K

relativletic lndependent—partlcle-lodel resulta and experilental binding

energies up to Z¥56. Above z-'r_o.._ the_ groun_d-_—_stnt__e correlation cq_rr-ectinn

improves the agreement hetnee:n. theprg and experiment but: reﬁeldua_l.;' e__rrorn of '-'3 .o
‘eV still remafn. Thie perei.et'ent .dlecrepency is probably due to errors in
screening and relaxation correctione to the eelf enersy It ehould alao he-_
noted that we overestimate the ground-etnte correlntion correction for lon-z
atoms because of the trozen-orb:ltal approxinetion [Eq (13)] Seperate
correlation-enerzy calculetione for the neutral Ne atom nnd for the 1s hole."
state of Ne have ehovm that relaxntion causes a reduct.lnn in. the zround-etnte
correlation correction, from 1.43 ev to 0.60 eV, 49 L ' o

b. 28 levels

For Z<5, the" diecrepancy between predictione fron the Independent—perticle-

model nnd leuured 28 h:lnding enerziee 1: reloved uhen the ground-state"n

correlation correction :le included For z>1o the ground-etnte correlation' "'. o

correction increases the binding energies by~1,5 eV. _In the- renge_.l_Q\(_ zg __29.
the super-Coster-Kronig fluctuatione [2-]<—>[-2pz]nd renuce the b:lnding energies .
by ~2 eV. PFor 30 z.g,es. the COeter-Kronig fluctuetions [2:]4—»[2p3d]nf reduce _

the_ binding enerziee by 3-6 eV. After including cnrreletion eﬂ'ecte. we find
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good agreelent'betwe'en calculated and measured 28 binding_energ:leo for z_sao
(Fig. 2), but above Z=80, theory itlli ovqré;tliate; the binding energies by F'I
eV. This res:ldua.l discrepincy can be at'tnibui:ed to the'uncéfj:aihty in Qelf—
energy and correlation corrections.

c. 2p levels

Auger fluctuations ha.v'e onl.y a very small effect on 2p binding energies.21
The ground-state correlation c_qr_rec_t_lon is of_ the_o__rd‘e_r of 2.5 eV. For Z=10,
with 2p being the outermost She.‘[l , the relaxation efféct on the gr’ou’mi-state
correlat_:__ion correction can be expected t(; be quite small, and indeed there is
good agreement between thedi‘e_ti_chi ﬁd_ e__x.pérli.lei\tal binding energie:s (Fig. 3).
But for 11{24-/‘5.6_, thg -zrbﬁn'd"-stat-:e correlati.on' cornectiofn is too large by 1-2
eV due to the negl ecf ‘of 'r:_glax'at'ion. ) 'fl'he l'afge errors in the binding energies
of the 3d tran;ltio'n metals are partli due to the exchange splittings.

d. 3s levels

For 18 zg 20, -fhe auper—Coster—Kronig' fluctuaﬂons [38]e [8pz]nd-reduce
the 3s binding energies by ~6.5 eV. For 30.¢ z,\<,5'4. the binding energies are
reduced by ~3-5 eV due to [3s]<> [3p3d]nf iuper-Cbater-Kron:lg fluctuations. A
reduction of 3s binding energies by 7-8-e_v occurs for atoms with atolﬁ: numbers
above Z=70 beCausé' of [38]es [Spéd]nf. [Ss]e-)[apM]nf.“ and [3s]< [3p4f]Ing
fluctuations. Once cc.)rrelath_n' effects aré iﬂc'luded. good_ agreement between
theory and_experilent ia__ attained for Z{54, but some discrepancies remain for
13‘10 (Fig. 8), due to the_"unceri.:ainty of the self-ene_rgy and éorrelatioﬁ
corrections. o '

e. 3p levels

For atomic number below Z=20, 3p b:llid:lng energies calculated fr_ol the
independent-particle model -are ~] év smal ler than measurements, due to the
neglect of ground-state correlation. Above Z=23, the calculated energies are

larger than measured binding energies due to the neglect of COGter-Krohiz
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fluctuations. the dominant lechanioaa being [3p]¢—)[3d2]nf for Z.SM
[3p]¢-)[3dz]nf and [3ples [3d4f]ng for z>70 (Fig 4). -
f. 8d levels

Below Z=54, theoretical 3d binding. energiee from the independent-narticle
DHS model are smaller than measured energies (Fig. 4).- ..I_nclusi_on of the ground-
state correlation correction .for Cu and Zn. {~3 eV) brings theory and exoerinont
into a:raelent for theee two eleleuts (Fig. 4). Betueeu Z=29 -and Z=54, the
discrepancy between IPM DHS results and leaeureaenta decreasea gradual ly from
3.5 eV to 0.6 eV. This behavior could be caused by the relaxation ari'ect on
ground-state 'corerlation There are no theoretical calculations of ground—atate
correlation in this range of atoaic numbers to indicate uhether this can account
for the difference. For he_auier atoae, no particular trend---ie diacernible.
g. .40 and 4p levels -. |

The ground-state correlation correction takeo account of the difference
between theoretical DHS IPM and aeaoured 4s binding ener:iea belou Z=30 and 4p -
binding energies below Z=40 (Figa 5 and 6) For heavier e_le_aenta. the IPM
' cal_culatio_ns conaiatently overeetiaate these- bindinz enerziea due to the ne:zlect
of COster-Krcnis i.'luctuations The nost iaportant of these i’luctuatione are
[48)e> [4d4p]nt for 22364, [48]c [4p4r]ng for z580, [4p]<-o[4d31nf for Z<64, and
[4p]<—9 [4d2]nf and [4p]<—> [4dAf]Ing for z>, 70 Fair asreeaent between theorv and
experiment is obtained once correlation ei’i’ecta are included

“For 4d levels in atoaa with Lgse and 4f levels in atoms belou Z¥83, the
relativiatic independent—particle model underestinatea the bindins e_nerziea due -
to the neglect of ground-state cori‘e_lation ei'fecta (F-iga.- 5, s) ,Aa__‘_,_i'_on'th'e:Sd o
level, these diecnepenciee become less with increasing atoaic nulbel_'. For the.. -

4d levels, the euper.—Coater-Kronig I._t-luctuationa :'-'[-“]@'[“2]'_" becomes quite

16
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important in atoms with Z}'IO._ This correlation effect reduces the 4d binding

energies for 1}70 by 3-4 eV.

V. CONCLUSION

The effects of .relat:lv.ity. relaxation, finite nucléa.r size, and QED
corrections are all found- to be important 1n.the' calculation of inner-shell
binding energies. A unified rel".ath-rlstic theory of correlations would be most
useful, but in the absence of suchﬂ'a thel;ry tﬁe additive approaéh described in
Sec. II .turns out to be, a_'cllequate. |

Binding energies for outermost shells and shells with Z~n-1 calcuiated from
the rel.atlvlstie' indel.:er.u.le'ntﬂ-ﬁa.rt.lcle model including relax_ation. QED, and
finite-nuclear-size corrections are smaller than measured energies, due to
neglect of the g_rounﬁ—atate cor_rélatlon_ 'correct-ioti. For ls, 2p, and 3d levels
of atoms w:lth. atonic'n.ﬁlbera-.up-to Z=60, as well as for the outermost shel ls,
the discrepancy 1§~_3 eV. for 4f .ievels it cin .reach 5.eV. The diicrepancv
between theory and éxpe‘rinent 1s lai-ger- for th'e.-—-li levels of heavy elements,
because of the uncertainty in the self-energy correction and neglecf; of the
ground-state correlation correction. .For :ln"her'—'phell 28, 38, sh, 48, and 4p
hole states, the relativistic independent-éarticle theory overestimates binding
energies by as much as 13 eV, mostly due. to neglect of the effect of (super-)
Coster-Kronig fluctﬁatlona. Once the correlation correction to the theoretical
binding energies is inc i-nded. agreement t_»etween tﬁéofy and experiment becomes

better than~3 eV, except for 2s and 38 levels of heavy elements, for which

agreement is attained wi_th:ln ~8 eV. -
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‘Ground-state correlation corrections to the binding energy (in ev).

TABLE I.
" Element Level
1s 28 .. 2p 38 .8 . 8d " 48

4Be 1.21 " 1.28

10Ne 1.50 . 1.60

12M€ 1.53 1.50 2.54 1.01

18Ar 1.57 1.36 2.62 - 1.49 ~ 2.15
goén 1.70 1.71 3.09 2.13  2.12  s8.27 1.59

2%



L 4]

TABLE II. Level-enerqy shift (in eV) produced by (snper-)Coatef—Kroniz

fluctuations.
Atomic
number Level
z : 28 3s 3p 48 4p . ad

12 -2.4

18 -2.2  -6.3

9 . o-6.6%

20 -2.1 . -

0 -3.3 '-f¥4.6 : -3.2

38 5.0 -4.5  -47  -5.2

40 -4.8 R

s -3.7

46 '~6.4

47 . -4.4 8.2 -3.0 B

54 3.5 -2.7 9.8 ~-11.3

55 | -1

56 7.8  -10.5

70 -7.9 -3.0 -l0.1 -8.4

74 - 8.1 -3.5 -10.2  -8.3 -4.0
78 8.2 |

80 4.2 -8.4  -4.7 -10.3 -8.2 2.9
85 8.2

90 2.2

92 -1.7 -8.9 -5.8 -9.5 -9.9 -4.4
95 -6.1

8prom Ref. 12



Figure Captlona _

Fig. 1. Differences between calculated and leaeured epln—orhlt epllttlnze
between 291/2 and 293/2 hole-state energies, in eV as funct:lone of ato-ic
nuaber z. ‘rheoretlcal energlee were. calculated in terae of the lowest j-j
configuratlon with the long—wavelenzth approximation for the Brelt lnteractlon '
(solid circles linked by broken curve) and frol the relatlvlet:lc LS average with
the frequency—dependent fora of the Bre:lt lnteractlon (solid circles linked by
solid curve). For comparison, the spllttlnze from Dlrac-Fock elgenvalues are
also shown (triangles linked by solid curve).

Fig. 2. '.D:lftecen.cea between measured and, ca.lcul.ated- K (1s) and L, (28)
electron binding energies (in eV), as functions of ate,lic nua_bei' Z. Theoretical
energies were calculated from the rela,tl_'vletic 1ndepeadeat4bal-tlcle node-l alone
(DHS-IPM), with inclusion of ground-state cor_i.'el._atlon (Dliéfsc). .and with
inclusion of ground ‘.etate cort"ela_tl.on hs we_l_.'l_ as (super-) Ce_a_ter-l(conlg
fluctuations (DH_S-GQ-CK). Energies are plotted as ful_lct:lone'_of_ atomic _n_nlheh z
Curves are drawn as guides for t-he.' eye only. | ’

Fig. 3. Differences between nea-em"e'd and ca'lculated Lg (2p3,2) and M; (..3.')
electron blnding energiee (in eV), as functions of’ atoalc nulber Z. 'l'heoretlcal_ g

energies were calcul-ated as explained in the c_aptl.oa of Fig. 2. Curves are

drawn merely to guide the eye.

Fig. 4 D:lfterencee between aeaaured and calculated lls (3p3,2) and ll5,,_.._._ .

(3d5/z) electron blndlng energiee (in eV). a8 functlona of atolic nulher Z.
Theoretlcal enerzlee were calculated ae explalned ln the captlon of Fig. 2.
Curves llnklng the calculated points are lntended as guldee for the eye only
Fig. 5. Differences between leaeu-red_ and calculated Nl (4s) and N5 (4d5/2)
" electron binding energies (in eV), as functions of atoa-lc number- Z. "_l‘heocetlcal" i

energies were calculated as explained in the caption of Fig. 2. Curves are
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drawn as guides for the eye.

Fig._s.: Difterenééa:bééieen -qai;téd-aid c;ifﬁiated Ng (4p3jéj and Ny
(4£q,2) électfon biédlng energies (lpleV). a; runctioﬁs of atomic number Z.
Theoretical energies were calculated as explained in the caption 6f_Fig. 2.

Curves linking calculated points are drawn only as guides for the eye.
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